Abstract-Post-arc current phenomena that occur when interrupting high currents with vacuum circuit breakers have been investigated. High resolution measuring equipment has been used to measure both the post-arc current and the arc voltage in the current-zero region. Three examples of frequently observed phenomena are described. The first describes the phenomenon that in the event of a current-chopping, the current is zero for a short period of time just before the natural alternating current zero, but continues to flow afterwards, in the form of a post-arc current. The second and third example deal with the post-arc phenomena after currents that are much higher than the test breaker's rated short-circuit current. These examples show a low-voltage period after current-zero. Apparently, during this post-arc period, the residual plasma between the breaker's contacts conduct well. In addition to the voltage-zero period, the voltage trace in the third example also shows evidence of current-chopping. This means that the plasma conducts poorly just before current-zero, but conducts well immediately afterwards. The post-arc current model of Andrews and Varey is verified with measurements.
I. INTRODUCTION
W HEN A vacuum circuit breaker (VCB) interrupts a current, the current continues to flow a short moment after current zero. This post-arc current is a result of the residual plasma that exists between the breaker's contacts and is swept away under the influence of a transient recovery voltage (TRV). Many of the post-arc current characteristics relate to the breaker's properties, such as the geometry, the contact material, and the degree of the vacuum. For this reason, it is believed that the post-arc current might indicate the breaker's performance, and it has been subject to investigation for many years [1] - [7] . This paper presents new results obtained from short-circuit measurements. For this purpose, highly detailed measurements are performed on a commercially available VCB. Three events that frequently return in measurements are described hereafter, which show particular behavior in the conductance of the plasma near current zero. In the first case, the current instantly drops to zero just before the natural current-zero, but despite this pre-zero current quenching, a post-arc current flows when the voltage across the breaker commutates. In contrast to the poor conductivity conditions of the plasma in the first event, the second shows a very good (residual) plasma conductance for a short period of time after current-zero. This is demonstrated by a low-voltage period lasting up to 1 s after current-zero, and a current of which its slope remains nearly constant during this period. This is observed in tests with a current much higher than the breaker's rated short-circuit current.
The third case gives a demonstration of the events of both the first and the second case. An overvoltage just before currentzero provides the indirect evidence of a current chop after a very high current, but the low-voltage period as described before is also measured. This clearly demonstrates the instability of the arc near current zero, as the conductive properties of the plasma just before the natural current-zero deteriorate even though they appear sound just after current-zero.
Another way of investigating the post-arc behavior is by simulating the breaker's behavior. However, due to the complicated physical processes in the vacuum chamber, both during arcing and after current-zero, the development of a model that simulates the breaker's behavior properly is rather elaborate. A commonly used model for the post-arc current is used [8] - [13] and its validity investigated.
II. MEASUREMENT SETUP
Different test circuits were used for the short-circuit measurements. A generalized version of these test-circuits is shown in Fig. 1 . Initially, a current flows through the inductance and a metal vapor arc in the breaker (TO) in the indicated direction. After current zero, the arc disappears, and the residual plasma between the contacts of the breaker is cleared by a TRV.
The current and voltage are measured by a Rogowski coil and a high-frequency ohmic voltage divider, respectively, in combination with transient recorders with 12-bit resolution and a sampling frequency of 40 MHz [14] . The measuring system is specifically designed to measure low values of voltages and currents in electrically polluted areas, such as a test laboratory.
For the test object, we used a commercially available VCB which has axial magnetic field contacts, a rated voltage of 24 kV, and a rated short-circuit current of 20 kA with 35% direct current (dc) asymmetry. 
III. POST-ARC CURRENT AFTER CURRENT CHOPPING
When the arc current in a circuit breaker declines toward zero, the instability of the arc causes current interruption before the natural current zero. This phenomenon is known as current chopping, and the level at which the current spontaneously drops to zero is called chopping current. Although current chopping occurs in all types of circuit breakers [15] - [17] , the chopping current of vacuum arcs is in general higher than in other types of breakers.
Due to the potential hazard of overvoltages caused by trapped magnetical energy in the load after current chopping, this phenomena has been thoroughly investigated. Manufacturers have expended considerable effort to reduce the chopping current in VCBs in the past 20 years [18] - [20] .
A clear example of such a chopping event is depicted in Fig. 2 . Shown here are two out of five measurements performed with equal settings. The dashed trace shows an interruption without current chopping, whereas the solid trace shows a current chopping event. In both measurements, the 50-Hz peak arc current reached a value of 39 kA, and the breaker was opened 3.4 ms before current-zero.
The chopping current in Fig. 2 is approximately 1 A. Due to the setup of the test circuit, at the moment of chopping, this current should instantly flow through the resistance-capacitance (RC) branch (see Fig. 1 ). Since the resistance in this circuit was 135 , theoretically, the peak value of the overvoltage should be at least 135 V. However, the measured overvoltage is not even half this value. The most probable explanation for the difference between the theoretical and observed value is that the current does not drop to zero instantly but declines to zero with a certain slope.
Moreover, stray capacitances and inductances surrounding the breaker, which are not included in Fig. 1 , might also suppress the overvoltage. It is well known that capacitances parallel to VCBs increase the chopping current [15] , [17] , [21] .
Another apparently contradictory event here is that the current interrupts before natural current-zero but continues to flow afterwards. This indicates that the breaker has a diode-like behavior immediately after current-chopping. In addition, the post-arc current after chopping strongly resembles the post-arc current of a natural current interruption.
We believe that this behavior can be explained with an addition to the accepted theory about post-arc currents [1] , [9] . When the VCB's contacts open, the current continues to flow through a metal vapor arc. The partly ionised vapor arises from cathode spots; tiny hot spots on the cathode. Due to the large pressure gradient near these cathode spots, the majority of particles is launched toward the anode [see Fig. 3(a) ]. The high conductivity of the plasma indicates that the interelectrode space is essentially field-free, and an almost equal amount of charge is present inside the gap at all times. The current of the anode-directed ion stream is approximately 10% of the total discharge current [20] , [22] , and the mean velocity of ions can reach a value of up to m/s [6] , [7] , [15] . This counter current of the ions is compensated by the flow of faster moving electrons, and as a result of the low electric field here, ions are hardly influenced by the opposing electric force. The largest part of the arc voltage is taken up by the region near the cathode where the cathode spots are active.
When the final cathode spot extinguishes just before the natural current zero in the case of a current chop, the supply of charge to the plasma is interrupted instantaneously. Due to their inertia, the ions continue to move toward the anode with their original velocity. Within the time frame of this event, it is assumed that the electrons, which have a much smaller inertia than the ions, instantly adapt to a change in the electric field. That means that they compensate the ion current by moving with the same speed and in the same direction as the ions. During this process, positive and negative charge arrives in the same quantity and velocity at the anode and no charge arrives at the cathode. Although ions and electrons move inside the gap, the net charge flow is zero which means that the electrical current is zero.
In fact, the entire quasi-neutral plasma moves toward the anode, leaving an evacuated sheath in front of the cathode. Despite the breaker's low conductivity at this point, the conductivity of the plasma is still very high, and, therefore, the overvoltage is mainly taken up by the sheath [see Fig. 3(b) ].
When the voltage commutates, the electric field inside the inter-electrode gap forces the electrons to reverse. Apart from the ion-depleted zone in front of the post-arc anode, the theory on post-arc currents in vacuum apply to this system. While the ions continue to move toward the post-arc cathode due to their inertia, the electrons reverse under the influence of the reversed electrical field [see Fig. 3(c) ]. This results in a net flow of charge again, which is observed in Fig. 2(b) .
IV. LOW-VOLTAGE PERIOD AFTER HIGH-CURRENT INTERRUPTION
A number of tests were carried out with a level of decaying current asymmetry having a dc component (for asymmetrical testing, see e.g., [23] and [24] ). The result is a current trace with major and minor loops. At 24 kA, the applied alternating current (ac) was larger than the breaker's rated short-circuit current and as a result, in almost all the test the breaker failed to interrupt after the first (major) current loop, but succeeded to quench the current at a following current-zero. However, the low values and the smooth state of the arc voltage observed in the measurements indicate that the arc did not constrict to form an anode spot, but remained diffuse during all our tests. Fig. 4 shows a current-zero measurement after the first interruption attempt. The voltage in this figure displays a distinctive behavior from other current-zero events; it remains almost zero for about 1 s after current-zero.
This effect can partly be explained with the aid of an existing theory on post-arc currents [9] : after current-zero, electrons are still moving into the same direction as the ions, but decelerate and eventually reverse at a certain current level. After this moment, the electrons are extracted from the plasma, leaving a positively charged ion-sheath in front of the cathode, like in Fig. 3(c) . However, because all cathode spots have already disappeared before current zero, there is no mechanism to exchange charge between the new anode and the plasma. Hence, an evacuated gap should form in front of the new anode, similar to the situation depicted in Fig. 3(b) , yielding a low conductivity. In that case, the current should be zero and the TRV should start to rise immediately after current zero.
Apparently, there are other physical processes active which have not been accounted for. For example, the presented theory omits the generation of new charge carriers by means of ionization due to collisions of high-energy ions and electrons with each other, with walls or with neutral particles inside the gap [3] , [25] .
V. CURRENT CHOPPING AT HIGH-CURRENT INTERRUPTION
Current chopping is the result of the vacuum arc instability. At steeper current slopes near current zero, following after a high-peak arc current, the average instantaneous current is larger, and hence, the arc remains in an unstable situation for less time, decreasing the probability of current chopping [17] . The result in Fig. 5 clearly demonstrates the low value of current chopping after a high current loop where the same setup has been used as in Section IV.
Although the actual chopping of the current is not visible in this figure (the chopping current is about 0.2 A) , its presence can be deduced from the overvoltage just before current zero. Again, a post-arc current flows after current chopping, which means that the theory of Section III partly applies to this measurement as well. However, the low-voltage period lasting 1 s after current zero in this measurement indicates, just as in Section IV, that the actual physical processes are more complicated than the theory presented in Section III.
VI. MODELLING OF CURRENT-ZERO EVENTS
The theory of an ion-sheath growing in front of the cathode is often used to model the post-arc current. This theory relates the sheath thickness, the post-arc current, and the TRV, by means of Child's law, the Ion-Matrix model, or the Continuous Transaction model of Andrews and Varey [2] , [9] , [10] , [26] . Although these models are based on assumptions that do not always apply to the situation after a VCB short-circuit interruption, they can be used for specific, low post-arc current investigation. Fig. 6 shows the simulation of post-arc currents, modeled with the theory of Andrews and Varey, compared with measured data. Two separate simulations are shown, with equal VCBmodel parameters, but a different capacitor (see Fig. 1 ). Some of the parameters were estimated, which is in accordance with the literature (e.g., the initial ion density inside the gap and the ion density decay), while others were derived from the breaker's characteristics (e.g., the contact diameter and the separation between the contacts at current-zero).
In the model, the post-arc current is immediately interrupted when the ion-sheath reaches the anode. This explains the sharp drop to zero in the simulations around 2 s after current-zero. Contrary to this, the measurements show a smooth decay toward zero. One reason for this difference is because in the model, it is assumed that there is a sharp boundary between the sheath and the plasma, and that the sheath is electron-free. In the actual situation, this is probably some sort of smooth transition from the sheath to the plasma. Moreover, the model uses the assumption that all ions flow toward the anode with the same speed and direction. According to the measurements described in literature, this assumption is not quite valid; the ion velocity, and its direction, is expressed in a distribution function. Nevertheless, despite the relatively high level of noise present on the measured signals, there are some clear similarities between the measurements and simulations. Apparently, at these levels of post-arc current, simulation of the breaker's behavior by means of the theory of Andrews and Varey is valid.
In Fig. 7 , another post-arc current simulation is presented. The measurements in this example were performed with a Short-Line Fault simulation circuit [14] , which is shown in Fig. 8 . Here, the same approach to model the post-arc current has been used as in the previous example, but now the post-arc currents reach a much higher value, and instead of ( in Fig. 8) , was altered. In the case of Fig. 7(a) and (b) , there is still a strong similarity between the simulation and the measurement, but this does not count for Fig. 7(c) and (d) . Here, the first peak in the measured post-arc current shows a different shape, compared to that of the simulated post-arc current. Apparently, the model assumptions do not hold and it cannot be used to describe this measurement.
VII. CONCLUSION
Detailed measurements of post-arc currents after interruption of high currents have been performed. Three frequently observed phenomena in the measurements are described. These are the post-arc current flowing after current-chopping, a voltagezero period after the interruption of a high short-circuit current, and the combination of these two observations. The post-arc current flowing after current chopping can be explained by observing the net flow of charged particles between the contacts of a VCB. However, the low-voltage period just after current-zero at very high short-circuit tests requires a more elaborate physical description.
For a further investigation of the post-arc behavior of VCBs, the results of a theoretical post-arc current model were compared with measured data. It has been shown that this model is valid for only a small range of measurements.
